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Introduction 
The sealing of permeable rock involves many important aspects such as plugging fluid 
migration paths significantly reducing the rock permeability ([1]), information of the 
fluid history derived form the precipitate (e.g. [2]), and information of the deformation 
history obtained from the microstructures grown in veins ([3]). Sealing is recorded as 
precipitate in pores and fractures, and displays a complex fluid history associated with 
large scale fluid flow and local halokinesis in the Buntsandstein ([4], [5]). This project 
will investigate the fluid history of selected areas in the Buntsandstein, coupled with see-
through experiments and numerical simulations. It is aimed at a better understanding of 
fracture sealing processes, based on detailed studies of geological settings. Special 
interest is given to the microstructural evolution and its potential to deduce the sealing 
process from the microstructures observed. The project started in September 2002. 
Project outline and first results 
This project couples real rock studies with experimental and numerical analyses. Detailed 
studies of Buntsandstein samples will provide information of the local fluid history, using 
fluid inclusion, isotope and petrographical work. Experiments will investigate the sealing 
process at a grain scale. Using different boundary conditions such as transport properties 
and growth kinetics, fracture sealing processes can be correlated with the resulting 
microstructure. Results will be verified on natural samples, where the fluid history has 
been well constrained. A numerical model will be developed based on experiments and 
natural data, which is aimed at understanding the microstructural and regional sealing 
process over time. This quantitative approach will better constrain and predict the 
formation of precipitate in the Buntsandstein in the Central European Basin system based 
on microstructural analyses. 
Core material from the Buntsandstein  
Sampling is in progress for petrographical analyses of the vein microstructures located in 
the Buntsandstein, such as anhydrite, gypsum and quartz veins. Such a variety in 
precipitate outlines the complex fluid history in the Buntsandstein, and points to a wide 
range in microstructural evolution ranging from nucleation of phases not present in the 
adjacent host rock, up to material eventually derived from the country rock. Detailed 
analyses using fluid inclusion and isotope analyses will constrain the boundary conditions 
and the source of the precipitate. This allows to deduce on the formation of fracture seals 
in the Buntsandstein and provides a fundamental dataset, which enables detailed 
experimental and numerical studies on the process of plugging. 
Experimental studies 
Experiments will be carried out in a see-through apparatus for transmitted light 
microscopy recently designed at our department. It allows continuous observation of the 
sealing process. The system will be accurately temperature controlled, required to 
monitor the growth of highly soluble analogue material. It allows constant pressure and 
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constant flux experiments at low fluid flux rates, as well as diffusion experiments. 
Ongoing sealing can be observed at a grain scale, which enables a better understanding of 
the physico-chemical processes leading to sealing. 
Numerical simulations 
Introduction 
Numerical simulations are used to predict the microstructures grown in the see-through 
experiments. These models are applied to natural systems, and will be used to predict the 
microstructures grown in the Buntsandstein. First simulations were run using the program 
‘Vein Growth’ ([6]), in order to determine the microstructures expected at various 
boundary conditions. This allows the simulation of polycrystal growth in progressively 
opening fractures, where (i) growth rate, (ii) growth anisotropy, (iii) amount, 
crystallographic orientation and position of initial grains, (iv) the opening trajectory of 
the fracture and (v) the morphology of the fracture surface can be set.  
Results 
Three principal cases were studied in our simulations. Firstly we simulated vug growth, 
which means that the opening distance is large and the crystals never touch the opposing 
fracture surface. Secondly, we simulated microstructures which interfere with the 
opposing fracture surface during growth, generally known as the crack-seal mechanism 
([7]). We generated a triangular crack file with varying amplitudes to find the influence 
of the amplitude on the final microstructure. Thirdly, a more complicated triangular crack 
file with different levels of peaks was applied to find the interaction between the crack 
surface, the opening distance and the grain competition. In all cases an anisotropic 
growth rate file was used which allows fastest growth parallel with and perpendicular to 
the orientation of the c-axis of the grain.  
In the case of the vug growth, ten grains were used with varying orientation of their c-
axes.  It can be concluded that when free growth occurs (this means the crystals do not 
touch the opposing wall) the grain competition is dependent on the orientation of the 
grains (Fig.1). The survival of grains is not a result of their crystallographic orientation 
relative to the growth surface, but is determined by the crystallographic relationship to 
their neighbours.  
Using a triangular wall with five peaks and small opening increments, growth 
competition is controlled by the wall morphology. Competition occurs only where 
initially more than five grains grow and when the opening distance was small enough to 
allow the crystal to touch the wall.  The grain boundaries that were initially located in the 
troughs of the crack (this means the minima of the crack file) are consumed because they 
tend to grow towards the peaks (Fig.2a).  This effect is stronger (faster grain competition) 
when the amplitude of the crack is increased.  We can conclude that growth competition 
continues until the amount of grains equals the amount of peaks. When the crack is 
opened oblique in small opening increments, ‘tracking’ of the opening vector occurs and 
the simulation results in oblique fibres (Fig.2b).  
 3
 
Fig. 1. Microstructures obtained from numerical simulations using anisotropic growth in an open cavity. 
The seed crystals are located along the growth surface, represented as a grey horizontal bar. Thus, grains 
grow from the top to the bottom of the image. a) Simulation with nine grains oriented with 65˚ to the 
growth surface (grey bar at the top of the image), and one with 7.5˚ (white grain). b) Simulation with nine 
grains oriented with 65˚ to the growth surface, and one with 9.5˚ (white grain). The angular relationship of 
the crystallographic orientation between neighbouring grains controls growth competition. Here, the 
transition is shown between overgrowth and consumption of the white grain. 
 
 
Fig. 2. Microstructures obtained from numerical simulations using anisotropic growth in a crack-seal 
environment. All grains are oriented at 0˚, growth is from top towards the bottom of the image. a) The 
number of peaks along the fracture surface clearly controls the number of surviving grains. Note that all the 
grain boundaries are finally located at the peaks of the lower fracture surface. b) Oblique opening towards 
the lower right with small opening increments. Again, grain boundaries are finally located at the peaks, and 
grain boundaries display the opening direction of fracture.  
Using a crack surface where the height of the peaks varies, the grain competition is again 
dependent on the opening distance. For large opening increments of ∆y>20 pixels, 
competition occurs based on the orientation of the c-axes of the grains.  The crack surface 
dominates the competition between the different grains if the opening distance becomes 
smaller (10 pixels<∆y<20 pixels) (Fig.3). The consumption of grains is then caused by 
growth towards the different peaks. When the opening distance is further decreased 
(∆y<10 pixels), there is no longer competition possible and the crystals track the opening 
trajectory. 
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Fig. 3. a) Microstructures obtained from numerical simulations using anisotropic growth of 20 initial grains 
in a crack-seal environment. All grains are oriented at 0˚, growth is from top towards the bottom of the 
image. Due to the medium sized opening increments, grain boundaries stay in contact with the larger peaks 
only (∆y=12.5). The smallest peaks are of no importance.  b) Graph presenting the number of surviving 
grains as a function of the incremental crack opening. Same settings as in a). Note the transition between 20 
and 5 grains surviving, the latter one representing the number of large peaks on the fracture surface. 
Conclusion 
From these simulations it can be concluded that the morphology of microstructures 
grown in fractures depends on the opening vector, the wall morphology, the amount of 
grains in relation with the wavelength of the crack surface and the orientation of the 
different crystals.   
Winner grains are not a result of their crystallographic orientation relative to the growth 
surface, but of the crystallographic orientation of their neighbouring grains. Even during 
simple vug growth, complicated microstructures evolve. 
In case of crack seal growth, the number of peaks controls the number of surviving 
grains. Grain boundaries are stabilized at peaks in the opposing fracture surface. 
If the fracture roughness is more complicated, the largest peaks control the final 
microstructure depending on the width of individual opening increments. If opening 
increments are large, only large peaks become important to the microstructure. 
The results of the numerical simulations will be compared with the morphology of the 
microstructures found in veins in natural rock samples. 
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